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 Blood oxygen level-dependent magnetic 
resonance imaging (BOLD-MRI) is a non-
invasive tool to assess regional renal oxy-
genation using deoxyhemoglobin as an 
endogenous marker. Th is technique relies 
on the change in the magnetic properties 
of hemoglobin when it converts from the 
oxygenated to the deoxygenated form, 
which in turn influences the magnetic 
properties of neighboring water molecules 
to increase signal intensity. Th e relation-
ship between BOLD-MRI signal intensity 
and renal tissue oxygenation has been 
validated by direct measurements of tissue 
pO 2 by oxygen-sensitive microelectrodes. 
 Although BOLD-MRI refl ects tissue oxy-
gen bioavailability, it cannot diff erentiate 
between changes in oxygen delivery (renal 
blood fl ow), oxygen consumption (sodium 
transport), effi  ciency of oxygen utilization, 
and arteriovenous diff usion of oxygen. A 
basic assumption underlying BOLD-MRI is 
that tissue oxygen levels are in equilibrium 
with, and pro portional to, blood oxygen 
levels. Th is premise has recently been ques-
tioned. In an animal model, Leong and 
colleagues 1 showed that increases in renal 
blood flow could be dissociated from 
changes in renal tissue oxygen levels in the 
absence of altered oxygen consumption. 
Increased arteriovenous diff usive shunting 
of oxygen was responsible for this dissocia-
tion. Th e magnitude of BOLD-MRI signal 
may also be infl uenced by hydration status, 
sodium avidity, vascular volume, and vessel 
geometry as well as factors that infl uence the 
oxygen – hemoglobin dissociation curve, 
such as local pH, body temperature, and 
hematocrit. BOLD-MRI signal intensity is 
only indirectly related to tissue oxygen levels, 
and as a result, quantitative interpretation of 
BOLD-MRI data is limited in the absence of 
direct calibration. Th e absolute magnitude 
of the signal is less reliable than relative 
changes. In addition, intersubject variations 
may confound comparison of signal inten-
sity between diff erent people. Nevertheless, 
BOLD-MRI has been used successfully to 
assess intergroup diff erences in renal oxy-
genation in various renal disorders. 
 A recent hypothesis implicates renal 
tissue hypoxia both in the pathogenesis of 
renal injury and as a common fi nal path-
way contributing to the progression of 
chronic kidney disease (CKD). 2 This 
hypothesis suggests that glomerular injury 
promotes microvascular obliteration with 
loss of glomerular and, ultimately, peritu-
bular capillaries, leading to hypoperfusion 
and reduced oxygen delivery. Vasocon-
striction due to an imbalance in vasoactive 
substances as well as the development of 
anemia may contribute to reduced oxygen 
delivery. Deposition of extracellular matrix 
in the interstitium and tubulointerstitial 
infl ammation and fi brosis may increase 
the barrier to oxygen diff usion and also 
promote tissue hypoxia. Renal injury may 
also lead to ineffi  cient utilization of oxygen 
for tubular sodium transport. 
 Renal tubular sodium transport is the 
primary determinant of oxygen consump-
tion in the renal medulla. Glomerular 
hyperfi ltration increases fi ltered sodium 
load and increases tubular sodium trans-
port, which in turn increases oxygen 
consumption. Hyperfi ltering nephrons, 
although subject to capillary hyper-
perfusion, may nevertheless experience 
hypoxia if increased oxygen consumption 
outstrips increased oxygen delivery. 
 Hypoxia is proinfl ammatory, stimulates 
apoptosis, promotes generation of reactive 
oxygen species, raises systemic blood pres-
sure, and elicits a fi brogenic response. Renal 
tissue hypoxia has been demonstrated in 
numerous experimental models of kidney 
disease with the use of immuno staining 
techniques, expression of hypoxia-induci-
ble proteins, and direct measurements of 
tissue oxygenation using oxygen-sensing 
microelectrodes, as well as in transgenic 
rats that express a hypoxia-responsive 
reporter gene. 
 Renal hypoxia in experimental models of 
diabetes mellitus has been attributed to 
increased oxygen consumption due to hyper-
filtration and resultant increased tubular 
sodium reabsorption 3 as well as reduced effi  -
cacy of oxygen utilization. Furosemide 
reverses renal hypoxia by reducing tubular 
sodium transport and oxygen consumption. 
In addition, studies using BOLD-MRI in 
experimental models of diabetes mellitus and 
hypertension have suggested important roles 
for nitric oxide and oxidative stress in pro-
moting renal tissue hypoxia in these models. 
 Th e complex interplay between oxygen 
delivery (renal blood fl ow), oxygen con-
sumption (renal tubular sodium transport 
and effi  ciency of oxygen utilization), and 
arteriovenous diff usive oxygen shunting 
may lead to varying and perhaps 
un expected outcomes in diff erent disease 
states ( Figure 1 ). A study in a 6-to 8-week 
remnant kidney model showed increased 
renal tissue oxygen levels by direct 
mea surement of oxygen tension using 
oxygen-sensitive microelectrodes. 4 Th is 
observation highlights the possibility that 
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 Renal tissue hypoxia may play a major role in the progression of chronic 
renal disease. Michaely  et al. used blood oxygen level-dependent 
magnetic resonance imaging to test this hypothesis. They found no 
relationship between renal oxygenation and stage of chronic kidney 
disease (CKD). However, renal tissue oxygenation may be related not 
only to the severity of renal disease but also to its underlying etiology. 
This added complexity confounds interpretation of data obtained from 
subjects with CKD due to multiple etiologies. 
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with advanced kidney disease, renal tissue 
hypoxia may reverse when the decrease in 
renal perfusion is surpassed by decreased 
oxygen consumption that results from 
reduced delivery of glomerular filtrate 
and reduced tubular sodium transport. 
Alternatively, it might be argued that these 
data show that renal hypoxia plays no 
role in the progression of the remnant 
kidney model. 
 Several investigators have used BOLD-
MRI to study humans with atherosclerotic 
renal artery stenosis. 5,6 Gloviczki  et al. 5 
demonstrated that moderate stenosis was 
associated with preserved medullary and 
cortical tissue oxygenation despite reduced 
renal blood flow and reduced kidney 
volume. In contrast, renal cortical hypoxia 
was demonstrated in severely stenotic 
kidneys. Furosemide-suppressible oxygen 
consumption was also reduced in the 
severely stenotic kidneys. Textor  et al. 6 
found no difference in tissue oxygen 
tension in the cortex and medulla of 
normal-sized kidneys beyond high-grade 
renal artery stenoses compared with 
normal kidneys without vascular lesions. In 
atrophic kidneys with totally occluded renal 
arteries, renal oxygenation was increased 
but did not change aft er furosemide. 
 Inoue  et al. 7 used BOLD-MRI to dem-
onstrate a correlation between estimated 
glomerular fi ltration rate and renal oxy-
genation among 76 subjects with nondia-
betic CKD due primarily to hypertensive 
nephrosclerosis and chronic glomerulone-
phritis. However, these investigators failed 
to demonstrate a similar correlation among 
43 subjects with diabetic nephropathy. 
 Yin  et al. 8 studied 48 diabetic subjects 
with BOLD-MRI. Subjects without clini-
cal nephropathy and those with stage 3 
diabetic nephropathy exhibited hypoxia 
of the renal medulla, but not of the renal 
cortex. In subjects who had progressed 
to more advanced stages of diabetic 
nephro pathy, renal medullary hypoxia 
was alleviated whereas progressive corti-
cal hypoxia developed. Renal medullary 
oxygenation was inversely correlated with 
estimated glomerular filtration rate, 
whereas renal cortical oxygenation was 
positively correlated with estimated 
glomerular filtration rate. In contrast, 
BOLD-MRI has been used to demonstrate 
increased oxygenation in the renal 
medulla and cortex of kidneys with 
chronic allograft  nephropathy. 9 
 Michaely  et al. 10 (this issue) studied the 
relationship between BOLD-MRI signal 
intensity and age, sex, and renal function in 
a large cohort. Th ey found no correlation 
between relaxation rate (R 2 * ) values 
(inversely related to tissue oxygenation) and 
renal function ( n  =  280) or age ( n  =  342). 
Th ey found no diff erence in R 2 * values in 
males versus females or between subjects 
with diff erent stages of CKD. Th ese data dif-
fer from those of earlier BOLD-MRI studies 
performed in small groups of subjects, 
which showed reduced renal oxygenation 
in males and in older subjects. Michaely 
 et al. 10 also conclude that progressive renal 
disease is not associated with reduced intra-
renal oxygenation. Th ese results directly 
contradict the hypoxia / common fi nal path-
way hypothesis that predicts reduced renal 
oxygenation in CKD, at least in the early 
stages. However, limitations in the study 
protocol must be addressed. Hydration sta-
tus and sodium balance were not uniform 
among the subjects. Use of medications that 
might alter oxygen delivery and / or oxygen 
consumption, such as angiotensin-convert-
ing enzyme inhibitors, angiotensin receptor 
blockers, antioxidants, and di uretics, was 
not assessed. Subjects with later stages of 
CKD are more likely to be taking these 
agents. Moreover, recent data suggest an 
added level of complexity in the relationship 
between renal tissue hypoxia and CKD. 
Renal tissue oxygenation may depend not 
only on the severity of CKD but also on the 
etiology of the underlying kidney disease. 
For example, there is evidence to suggest 
that early stages of diabetic nephropathy are 
characterized by renal medullary hypoxia, 
whereas moderate atherosclerotic renal 
artery disease may show preserved renal 
oxygenation. Although Michaely  et al. 10 
clearly show that BOLD-MRI cannot read-
ily detect diff erences in renal tissue oxy-
genation in different stages of CKD, 
limitations in the technique and in its execu-
tion lead me to conclude that the hypoxia 
hypothesis has not been refuted by their 
data. Moreover, the complexity of the rela-
tionship between renal oxygenation, sever-
ity of CKD, and etiology of the underlying 
renal disease may require that subjects be 
categorized not only by stage of CKD but 
also by its underlying etiology. 
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 Figure 1  |  Factors that influence BOLD-MRI signal intensity. 
